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SUMMARY

Following the crash of an RAN Wessex helicopter caused by the catastrophtc fatigue
failure of the input spiral bevel pinion in the main rotor gearbox, routine recordings of the
gearbox vibration have been analyzed by A RL. It has been shown that conventional spectral
analysis of the vibration is unable to give adequate indication of the presence of the fatigue
crack but that an alternative technique of vibration analysis called signal averaging can give
warning of the crack 42 hours before failure. Enhancement of the signal average using a
computer enables detection of the crack as early as 103 hours before failure.
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1. INTRODUCTION

In December 1983 a Wessex Mark 31B helicopter of the Royal Australian Navy (RAN)
crashed in Bass Strait with the loss of two lives. After reco',ery of the aircraft from the sea,
the cause of the crash was attributed to the catastrophic failure of the input spiral bevel pinion
in the main rotor gearbox, serial number WAK143, as shown in Figure I. Metallurgical investi-
gations by ARL revealed that the pinion failed because of a fatigue crack which started at a
subsurface inclusion near the root of one of the teeth. The crack progressed radially into the
gear before growing axially fore and aft as shown in Figure 2, probably over a period of several
hundred flying hours. When the crack reached the neck of the gear, it changed direction and
moved circumferentially around the gear. During this phase, growth was much more rapid,
and it is believed that the crack may have travelled around a large part of the gear in as little as
20 minutes until the final overload failure occurred. It is difficult to establish the history of the
crack, particularly the total time to failure, due to damage of the fracture surfaces during the
last stage of the crack growth. Nevertheless a possible history of the crack growth since the last
inspection has been proposed and is shown in Figure 3[l], while estimates of the crack front
positions at various times are given in Figure 411).

Methods of oil analysis or oil-borne debris detection cannot locate cracks of this kind,
simply because no debris are generated during crack propagation. To detect the crack by visual
inspection it would be necessary to remove the pinion at intervals much less than the expected
time to failure, and the effect on flying operations of these removals would be disruptive. For-
tunately vibration analysis offers a potential solution. Since 1977 the RAN has performed routine
spectral analysis of the vibration of the main rotor gearboxes in both Wessex and Sea King
helicopters to assist with the condition monitoring of these systems. In the Wessex. an accelero-
meter is fitted to a bolt on the input housing near the large taper roller bearing on the input
bevel pinion shaft before each monitoring-flight. Tape recordings of the signal from the
accelerometer are made in flight for a range of torque settings. After the flight the recordings
are processed using a Hewlett-Packard HP3582A narrow band spectrum analyzer and each
spectrum is examined by an experienced operator for changes which could indicate abnormal
operation. In the past, brinelled freewheel bearings have been detected in Sea King gearboxes [2]
and vibration analysis has been involved on other occasions with Sea King aircraft in corrobora-
tion with the evidence obtained from oil and filter debris analyses, but no abnormal vibration
has been detected in Wessex gearboxes. The same basic technique has been applied with great
success to several other aircraft systems over more than a decade, enabling the detection of de-
fective components before failure (3-61.

Why then did spectral analysis fail to detect the growing fatigue crack in the input bevel
pinion in Wessex gearbox WAK143? This report shows that while spectral analysis is satis-
factory for monitoring simple mechanical subsystems such as accessory gearboxes, there is an
unexpected problem which ;imits its suitability for the detection of the subtle changes in vibration
such as those which are caused by a fatigue crack in a gear in a complex system such as a heli-
copter gearbox. An alternative technique of vibration analysis called signal averaging is des-
cribed which is better suited to the detection of local defects such as cracks in gears. It is demon-
strated that signal averaging can give a clear indication of the existence of a crack in the input
pinion in gearbox WAK143 more than 42 hours before failure. Also presented is a technique
of digital signal processing for the enhancement of the effects of gear damage on the signal average
which enables the presence of the crack to be detected more than 103 hours before failure. It is
shown that the tooth meshing vibration in the signal average can be completely demodulated to
reveal that the earliest indication of a crack in the gear is given by the appearance of a phase lag
in the meshing vibration of the affected tooth. It is shown that for an advanced crack impacts
excite resonances at low frequencies which offer a means of detecting advanced cracks. The
material presented provides firm evidence that signal averaging and the associated enhancement



techniques offer a practical solution to the detection of cracks in the input spiral bevel pinion
in the Wessex main rotor gearbox. These techniques are not restricted to the Wessex pinion
but can be applied to other gears in the Wessex and to gears in other aircraft.

2. SPECTRAL ANALYSIS OF GEAR VIBRATION

2.1 Introduction

Any pair of simple involute gears in good condition produces vibration during operation
due to the meshing action of the gear teeth. If the gears were perfec-t they would produce no
torque variation and hence no vibration. but in practice the tooth profiles are always imperfect
to some degree because of approximattons in dcsign, unasoidable errors in manufacture, de-
flection of the teeth, shaft and bearings under load. and wear of the tooth surface. The major
part of the vibration is produced at the fundamental and harmonics of the tooth meshing fre-
quency because the meshing sibration is not purely sinusoidal. The tooth meshing frequency
is given by the number of teeth on the gear multiplied by the rotational speed and is the same for
both gears in a simple pair. For the input spira bevel pinion in the Wessex main rotor gearbox.
which has 22 teeth and rotates at 42 7 Hz at nominal rotor speed, the tooth meshing frequency
is approximately 940 H/. In the amplitude spectrum of the vibration, the fundamental and
harmonics of the gear tooth meshing frequency can usually be seen clearly. For example, Figure 5
shows the vibration spectrum from a jet engine accessory drive gearbox [6), indicating the funda-
mental tooth meshing frequencies of the two pairs of gears and several of their harmonics.
The relative amplitudes of the fundamental and harmonics depeno on the tooth profile errors
but are also affected by the transfer function between the gear teeth and the vibration transducer
which is usually mounted on the gearbox casing [7].

In addition to the components in the spectrum which are directly related to the meshing
frequencies, there may be other components called modulation sidebands which appear about
the meshing components separated from them by multiples of the shaft rotation frequency.
Modulation sidebands are probably the most important indicators of the condition of a machine

which can be found in the vibration spectrum. They are produced by the variations in the
amplitude and phase of the tooth meshing vibration which repeat periodically with each reso-
lution of the gear. The modulation of the meshing vibration in the time domain produces
additional frequency components in the spectrum [K,. There will always be some low level modu-
lation sidebands present in the spectrum because of the transmission errors present in the gears
due to the unavoidable variations in the gear tooth spacing and profile. Eccentricity of a gear
can produce large modulation sidebands as shown in Figure 6 due to the changes in amplitude
of the tooth meshing vibration as the depth of mesh varies and the teeth move in and out of the
correct mesh depth. Local defects such as tooth cracks should also produce modulation but
the crack usually only affects the adjacent teeth when they mesh with the other gear and this only
occurs for a short period each revolution of the cracked gear. The fact that the change is limited
to a short period of each revolution has an important effect on the vibration spectrum, as the
modulation sidebands which are produced extend over a very broad frequency range but at a
very low amplitude, as illustrated in Figure 7. This has very important implications because
in practice there is always a large background signal present from the operation of the gearbox
due to the excitation of many minor structural resonances and the modulation components
from other gears, all of which make it difficult to detect low level sidebands caused by a crack.

2.2 Weighting Functions

This situation is aggravated by a characteristic of spectral analysis performed using discrete
data. In digital spectrum analyzers the spectrum is calculated from data which are sampled
over a finite length of time. Implicit in this calculation is the assumption that the signal being
sampled is exactly periodic within that time block [91, meaning that it repeats exactly and that no
discontinuity exists between the samples at the beginning and end of this block and those occurring
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before and after it. If these conditions are satisfied then the spectrum will be a true line spectrum.
In practice the vibration signal is rarely periodic within the sampled block, producing a spectrum
in which energy from each component may spread over mnmy spectral lines as unwanted side
lobes. Figure 8 shows an example of the amplitude spectrum, ,o a logarithmic scale, of a sinu-
soidal signal which is not periodic in the time block, illustrating clearly the additional spectral
lines which are produced. The problem can be osercome by multiplying the time block by a
weighting function or sindowing function to force the beginning and end of the block to taper
so that there is a smooth transition free of discontinuities bcts'ccn blocks. There are a great
many weighting functions available swith varying properties [10. II]. Figure 9 shows the
spectrum for the same sinusoidal signal after weighting b\ the c.rmnmonly-used Hanning
function [10, II]. Note that there has been a drastic reduction in the level of the
additional lines in the spectrum due to the effective remosal of the discontinuities at the ends
of the block. Figure 10 shows the spectrum for the same sinusoid after the application of an
alternative weighting function known as a minimum four-term Blackman Harris
function 110, 11). There has been a further reduction in the level of the side lobes but at the
expense of a broadening of the main lobe which now covers about four discrete spectral lines.
Obviously there must be a compromise between the level of the unwanted side lobes and the
width of the main lobe, as reducing the le,,els of the side lobes increases the sidth of the main
lobe. The type of weighting function selected can influence the ability to detect the modulation
sidebands caused by local damage as the presence of large side lobes can ;take it difficult to

detect low level sidebands sshile the broadening effect of the main lobe can cause closely spaced
sidebands to merge into a continuous background.

2.3 Spectrum of WAK143

The spectrum of gearbox WAK 143 at approximately 42 hours before failure as calculated
by the Hewlett-Packard HP3582A spectrum analyzer at RAN Air Station at Nosra is shown
in Figure I. The spectrum -as calculated from the last recording made before the crash on
tape 29/83 at 1970.4 hours since new with a torque meter reading of 100 psi. The fundamental
of the tooth meshing frequency of the input bevel pinion at 940 Hi and its second harmonic
at approximately 1880 Hz are indicated. The second harmonic has a greater amplitude than the
fundamental probably due in part to the form of the transfer function between the region of the
tooth mesh and the location of the accelerometer on the gearbox casing [71. One upper sideband
can be discerned near the second harmonic.

One limitation of the HP3582A is its spectral resolution of onl. 256 lines swhich is aggravated
by the provision of a 'flat top' weighting function [121 sshich has excellent low level side lobes
and low picket fence losses but a very broad main lobe. Consequently the ability of the analyzer
to separate closely spaced low level modulation sidebands sithout resorting to the ?oom facility
is limited. Figure 12 shows the spectrum obtained for the same recording calculated at AR"
using a Spectral Dynamics Sf)335 analyzer s% hich has a resolution of 500 lines and uses Hanninu
weighting. The greater resolution of the spectrum makes ii possible to see that extensive modu-
lation sidebands exist at an average spacing of about 43 Hi across part of the spectrum. Yet
examination of the spectrum in Figure 13 obtained from imother Wessex gearbox reveals similar
modulation sidebands, although at slightly lower level, caused by the transmission errors in the
gear. If modulation sidebands can be seen in the spectrum of a normal gear, how can a quanti-
tative assessment of the condition of a gear be made?

One solution would be to reduce the many modulation sidebands present in the spectrum
to a single peak which can be quantified by a single number. Cepstral analysis is a non-linear
digital signal processing technique sshich was originally deseloped for the deconNolution of
signals [13] but which can be used to search for patterns of modulation sidebands in a spectrum
[14], producing a single line in the cepstrum at the frequency of the sideband spacing. But
cepstral analysis is also affected by the weighting function, by additive noise, the presence of
harmonics of the meshing frequency and by the resolution of the spectrum. A detailed analysis
of its application to gear vibration is still being performed [151. While the cepstrum may con-
tribute in the future to the assessment of the spectrum there are many aspects of its use shich
are uncertain at present.
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3. SIGNAL AVERAGING OF GEAR VIBRATION

3.1 Introduction

Originally almost all vibration analysis was performed in the time domain, simply because
that was the only commonly available means. By the study of records such as Askania Vibrograph
tapes it was possible to separate components of different frequency, albeit sometimes with
difficulty. The development of spectrum analyzers, firstly the swept-sine analyzer, then the
time-compression analyzer and finally the fast Fourier transform (FFT) analyzer, has made the
study of the frequency spectrum of a vibration signal possible and made it easy to identify com-
ponents at different frequencies in the spectrum. But a single gear pair can produce many fre-
quencies, including the fundamental and harmonics of the tooth meshing frequency and modu-
lation sidebands spaced at multiples of the rotation frequency of each of the gears. In a complex
system some overlap of the components produced by each of the gear pairs must be expected
and before the condition of the system can be assessed, the contributions of each gear pair must
be separated. At present this is usually performed by a trained analyst who examines the spectrum.
For simple gearboxes separation is relatively simple as there are only a few sets of meshing
frequencies and harmonics [3-61, but for complex gearboxes with many gears and hence many
more components, separation is correspondingly more difficult, particularly with thc limited
resolution provided by some analyzers.

Fortunately a technique called signal averaging offers an alternative to analysis in the fre-
quency domain and provides the ability to separate the contributions of a single gear from the
vibration of a complete gearbox, a task which in the \ibration spectrum requires an analyst
with considerable experience. The signal average produces a result in the time domain which
may be presented as a graph of the vibration produced during one revolution of the gear of
interest, including any variations in the pattern of the vibration during one revolution. There-
fore the analyst can see whether modulation is occurring and should be able to recognize local
defects such as fatigue cracks. There is no longer 'he need for extensive experience simply to
separate the components, nor the need for a prior knowvledge of the spectrum of a sound gearbox.
as the signal average for a gear with a local defect contains the vibration from both the sound part
of the gear and from the defective part. In principle, no other standard should be necessary,
making it conceptually possible to decide the condition of the gear from a single observation.

3.2 Calculating the Signal Average

Figure 14 shows a schematic diagram of the equipment required for calculating the signal
average of the vibration of a gear. A transducer such as an acceleromcter is fitted to the gearbox
case near the gear of interest, which in this example is marked A. The signal from thc transducer
is amplified and low pass filtered to remove high frequency components which are not required.
A photoelectric or electromagnetic sensor fitted to the shaft on which gear .4 is mounted generates
one electrical pulse during each revolution of (he gear, so that the pulse train is locked in phase
with the rotation of the gear. The signal averager itself may be a piece of purpose-built hardware
or the operation may be performed by a small computer. On the first pulse after the start of
averaging the instrument begins to sample the vibration signal, converting the analogue signal
from the ilter to a digital number which it stores in the averager memory. It continues to sample.
convert and store throughout the remainder of the revolution. On the second pulse, the averager
initiates sampling and consersion again, but this time stores the converted data in a separate
block from the first. This process is repeated over man) revolutions producing many blocks
of data stored in the averager memory, w ith each block corresponding te. the vibration produced
by the gearbox during one revolution of the gear of interest. Thei a process of ensemble averaging
is performed. The value of the first sample in every block is added and divided by the total number
of blocks to give the average value, which is stored as the first result in the output block. The
process is repeated for the second sample in every block and the result stored in the second place
in the output block. After repeating the process for all the samples in the block, the result is the
signal average. If sufficient averages have been taken then all the vibration from the gearbox
which is asynchronous with the rotation of the gear of interest will cancel out, leaving only the
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vibration "hich is st nerihrorous nith that gear, itic llh tothl mteshing f'requncy1 ind its
harnionic,, and aay) mod ulation sidebands present.

Figure 15 illustrates the effect of sip- t averaging onl a signal vs hicli is composed of' a sine
wave mixed %k ith random noise having it ,eals to-peak amrplitude Mu hch is tenl times thai of' the
sine wtave. In the original signal the sine stave c itrot he dis,, rlled. but b) perforniing signal
averaging synchroniied swith thle output of the oscillator hlich pi iduced the sine %as e. tile latter
can be extracted. r he Output Of tile sv Ii te noise generator is trot \inch ronrous ss il the oscillaitor
and so its effects can be reduced by averaging. After 100 averages thle form of the sine state
can be recognized, and after 10 000 averages the sine n\ave is neat-Is fret: of noise. F-or the rejection
of broad band noise in this manner, doubling tile number of itleraig- improses [lie signal to
noise ratio of thle signal axerage h i a factorr of' \ 2 [16]. Forttuiratels tile extraction
of a signal fromntioise Mshi coinsi sts Pt-titan l) of- discrete frequnencies, ats inl a gearbox. cain be
achieved litli itrmuchi smaller itumber of' as erages.

So far in this section signal ixeragiunl has, 0111 iscir considered qUalitaili0 Ill thle time
domain but it can be shoss it thtat signial .eatii is eq vi alent to at process oft comb filtering in
the frequency doma in [ 161. A coih liltien Iris a Sc[ Lie if pass hands (o1 id-entical shape at a utr-
form frequency spacing so thiat tile tranisfer futiction ,f the filter itl ilie: frcquetc dontaint re-
sembles the teeth of a cotmb. Vs licit signral iat~g intg is iliph ed to thle i braiott of at gear, the
teeth of the coinb \till be separated 6N i le sli,i ft '~ti freq uciter Signalt at rciii e i lhl it). time
domain is equivalent to niultipl i ng stepectrU ill 01 tilie i ico iii tig x gi131 h\ tilie comb spectrum
thus passing otl[. those frequeticies Muhit C1cItic %sWit1 the comb11 teeth. naitel ' the toitth mteshi-
ing frequency and its harmonics together \is ii all tile itiod it1 at io sidea idS s t thle shaft rotation
frequency. I ncreasintg then ;umtbe- of as c racs taken seduices thle is idii of thle coinb teethI an-
increases the depth beiss ceu the teeth It [16) its tialk inrg thle vorib filIten more selecti se. Figure 16
showts the effect of inicreasing thle number of' averatgcs ott the shapelk of tile teeth of thle comb
filter. After N as eratges the tooth halif-ss ih is I .\ of' thle toothI spacing.

3.3 Frequency Niultliplication

In the above explaitatioti it has beeni assumied that the gear rotated at .tan exactl\ constant
speed atid that samnplitng of the s ibration signal occ:Urred al t a eotitiit ft-eqUenev but in practice
it is unlikely that thle speed oif a gear vs\ill remtain exac(t Is constanti for more than a vet-s short
period of time. If thle sampling frkeqittcc renmainis constant and the gear speed varies thein thre
signal average. atid particla~rl\ the latter part. "sill become corrutpted. Hetnce it is no-e usual to
synchronize the sampling ft-cquenc itself %k ith the fteqtienc> of thle gear rotatiort so tlrat if thle
mach ine speed inet-eases or decreases lien thre samtiplitig ft-equrc stit~ sill chiange also to eoipen -
sate. One possible miet hod of sxi netrot iin tigtle sapin ~itg atnid rot atioii ft-qequCiteS is to genecrate
many equispaced pulses per ret olutioi if' the geair using anl elee:trotiagnetic or optical shaft
encoder. H ott eser it is ra rely coirs cit iiito geicrate more than at less pulses per rev ol t iotn
except under labortatory conuditionis. Insteald aill elciroirie irtstrUniciii Called kt phase-locksed
frequency nitlt i plier is used vsi cli atccepts ain 111pitt sigOiv o rie pulse per rev olut ion of the
gear and prod uces at trillput wil itIitlie reqii iii ei of pulses per rev olatiott lucked in phase
with the input sigrial- Figure 17 sli\ is a selie n a ic dIi a g a i of thle pri ici pat Ieompotnents of a
digital pltase-locked freq uency nui ntplier. Flic sigii i o llie inipitt pulse train anrd thle Ouitput
of the divider havinig at ratio %I enter at phase tflmectm nv Ii cht deteriites thle phtase difference
which exists betwseen tire leatdinrg edges of1 these signals indl produces ait ctrut- signral consistiirg
ofipositive or negative pulses depetidinig tin the sign tif tile phase error idt sv Iose ss idtl is pro-
portional to the mragntitude of the phase errt-. The erroi signal is smooithedl by it hiss pass filter
to produce at steady) voltajge vs Ich drives ait irlivige -cit trilletI otscillatotr I\('O. Thre frequency
of the pulse train pt-oduced by thle V( 0 is pnirpitt-it. rid I o Ie~ it Put cntrol s iltage. Tile out put
of the VCO passes toi tire div ider 11I anrd als0 it I Liv ilet- 1) tire tiutputt of sthih pros iles
thle output sigiral if thle frequeincy rrulplier-. It I e i~blse of the jirplt signail advanIces slighly
a head of tire orutput of I lire this ider iI/ lien at porsit isekc rrir signail is ill he generated ss Iiich \\ ill
increase tilie oat put frequenc) oif thle V ( () .in i at1v itc thre phase uof' thre outtpitt to mratch hilIe
input. The orutpu t tif tire div ider itl its f*,11l ls s hle Jhiilie ini plriset if thle iniput signal. Irle
reverse happens vsien (tlie phavse kif' lie tip it sigrralI retavirds sh gl th. itIn this timinner tile Iliop is
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in principle able to track phase and frequency changes in the input signal. The ability in practice
of the loop to capture and follos the input signal is determined by the gain of the phase detector,
the characteristics of the los pass filter, the divider ratio Ml, the gain of the VCO and the rapidity
of the changes in the input signal. Because the output of the VCO is divided by Al before input
to the phase detector, the loop will stabilize at a VCO frequency which is M times the input
frequency, so that the output of the loop front the disider 1) is M D times the input frequency,

It is common to process the signal average b. computer, often ins olsing calculation of the
fast Fourier transform (FFT). The FFT is calculated most efficiently ,shen the number of samples
being transformed is an integer poscer of tsso, such as 64, 128, 256 or 512, therefore to reduce
processing time it is common practice to select the number of samples per revolution of the gear
to meet this criterion. For the input spiral bevel pinion \hich has 22 teeth, it is sufficient to
resolve the tooth meshing \ibration up to the fifth harmonic of the tooth meshing frequency,
that is, at 110 cycles per resolution, or 110 shaft orders. Resolution of a signal at any frequency
requires at least ts\o samples per cycle, which in this case means 220 samples per revolution
of the input pinion. Rounding up this number to the next argest poiuer of two yieJds a minimum
of 256 samples per revolution. In principle it should he possible to pro.cess the vibration of the
ii put bevel pinion in the Wessex using a phase-locked frequency multiplier with At 256
and D - 1. but in practice it is found that if the input signal contains some rapid frequency
changes it is advisable to factorize a large value of .A1 into seeral separate multipliers in series.
each having a lower %alue of Al.

Often it is not possible or consenient to obtain a pulse signal from the shaft on kkhich
the gear of interest is mounted, and this is the situation in the Wessex %shere the input shaft
is not readily accessible. It is then necessary to take a pulse signal from another shaft in the
system and to convert the frequency by appropriate selection of the salues of M and ) to obtain
the sampling frequency required. In the Wessex aircraft the output of the alternator is available
from power outlets in the cabin, and as the main rotor operates at a nominally constant speed
no governor is fitted to the alternator, the output frequency of sshich is therefore directly pro-
portional to the rotation frequency of the input pinion. During vibration monitoring flights,
the alternator signal has been routinely recorded on channel 4 of the RAN Bruel and Kjaer
7003 recorder for several years to enable use ofra Spectral D)namics SD308-6 tracking adaptor
ssith ARL's Spectral Dynamics M)335 spectrum analyzer. A four-stage phase-locked frequency
multiplier has been designed and constructed specifically to take the alternator signal replayed
from the tape recorder at I -5 inches per second and produce a sampling signal at 256 pulses per
resolution of the input hesel pinion in a form sshich is suitable for controlling the sampling of
the % ibration signal by a small computer [ 171. This equipment forms the basis of a proposal
for the routine application of signal averaging to the monitoring of the Wessex input bevel
pinion [18).

Unfortunately there hasc been problems replaying some of the early tapes, including the
four recordings made for gearbox WAK 143 prior to failure. duc to the excessisc signal lesel of
the alternator input to the tape recorder causing distortion of the recording which cannot be
eliminated by liltering. rhis problem has since been o\ercome by the adjustmcnt of the input
attenuator on the RAN recorder and tll subsequent tapes can be reproduced satisfactorily.
but the analysis of the affected recordings has required special measures to be taken. It has
been found that bh band pass liltering the recorded sibration signal, not the alternator signal,
in the range ISly) to I9fX) HI a bout the secontd harmonic of the input besel pinion tooth meshing
frequency using a Wactck Rockland 751T A filter s hich has a c'y sharp rilloll of 115 dB octave,
it is possible to obtain a clean signal %ith a frequenc. proportional it t e rotation frequency of
the gear. The spectrun of the signal after filtering is gisen in Figure 18 and it can be seen that
the combination of the strong second harmonic and the sharp cutoff characteristic of the filter
has been sufficient to depress the modulatOitn sidtebands ahout the meshing harmonic ,o that the
largest sideband is approximatel, IS dF beliis the peak. Iliis is most important because the
presence of significant sidebands here could hase modulated the sarpiling signal and so pro-
duced spurious sidebands in the signal aseragc. The filtered signal \ias passed to a Specit-1
Dynamics SDI34A Tracking Ratio uner. %shich contains a single-stage phase-locked frequeny
multiplier enabling multiplicatiiin i the range I to 2(MlO and disision in the range I to 9999.
The filtered \ ibration signal \%as multiplied by 12S and di\ ided h II to produce 512 samples
per revolution of the input bevel pinion gear. Unfortunately it %ias not possible to use this tech-
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nique on the %ibration signal obti ned 'n a It of tile Wese gearbs ses as its ticccssful Lappli-
cation required iarg uni eshing %ibration conmponent %ithl inl alitude %\ell abose t hat of the
background signal. This %as not als as the case. but did cfiahle thle signal aseraging of' thle
recordings of WA K143 Mu hch %ouid not has e I isibles ther isc due to thle distot Lion of the
recorded alternator signal.

3.4 Computer Implementation

Tile signal as erangi n of til se \ rcord iis %%.Ia, pelt oried hb\ aI) ipta Equipment
Corporation IDF I)Ii SI ItI comipuiter wii I D'atct Iiitci-il Sliitac [IN 2 anailocue-to-digital
cons erter board, run ium on iidcr th iOIIH. RI - I Icral t inie operating ss st em.. Itl programsrf s crc
is rittcin In thle hiril lc ang sagwe It ORI RA-\N niltlI tice s\Ceptio ftli -111 Sbrouatices to perform
thig a SWIM Loran)ite 'kIs il 'scru \iiiteii Ili the tit- scmIill language MI A( RO to pros ide
sufficieint processing speed. I ar ntsersion, of the programs i\%ere separated into trio roles, ft rstly
thle calculat ion of te ti ignal as erage, and second Is its su bscqsent a nal ' sis. Tfli signtal as eraginrg
prograr ta ccepts digitizted saminples 4 ftie s ibration signl produseed lls thre analogue-to-digital
eons ertcr at the leadinig edge of' the pulses front tice freq seoct multi plier aLivid calculates the ignalI
as erage tor at speciftied itumttber of' sarnpics per revoilult itn anrd tnuinber of as erages. These call-
CIa1at in sarc per-formed usiniig double-precis.,io integer a rithinct ic to pres cut airithimet ic os ertlon\
during aiccumitLatjoii of the aserage. The resulting signal as rane is displased ott a comnputer
terminal %%it I graphics ca pahi lit)e and can be stored onl a disc tile for subsequnt analysis.

3.5 Signal Average of NNAK 143

Figure 19 so\Iis w inal as Crane of' the s ibrattion sif tthc input bes el pinion of geirbo%
sA K 143 ca tl Licd UILtit tile Conputer aind the band pass tittered s ilratiin sigial SIflt h tile

Spectral IJ iois 1) 4\ rOIlcVIics iiiphe icas described. !t issde ri s dtfrom itie last R -NN
recordting ott taIpe 29 s3. otalde bu 155 i tttiut1it11111 prior toi failure, at 19704 hours siltee tress
or approminatels 42 ttiU rs bef'ore ft I itre. Tile [tque nitter pressure %%as 301)psi attd26ascne
%%ere taken. The signtal aserage sttoss at tirst the normal patternt tf' s brat ion at tile second
harmuonic of' the tooth nIteshing frequtettex . gis Inrg 44 cycleis per res ol at it . Near tile ccittc re fs
the trace there is at trattsiei as thle cruickeit part of the gear itteslie isli the cross iss eel. after
ss hielt the pertturbation slecass loii y and the trace returiis to the ntormtal itesliig ptteri.
Forcsritparisott Iigisre 210 sim s the signail as eragle for tile iInput beset P1i0 loii ansothier \k's e
gearbox, in ss itch there is sine misditlitiott if' ttle itieshing s ibratisii but no sharp trantsienits
are present. Thierefoire it is cleary thttit aiintple \stsial ifitpcctioti of the signal aserane at 42 tours
before failure can gia positise intdication of the atinortial iteslting bhaiasorr MsII is occulr-
ring. Front Figre 3 it can becestiniateht that th litrack iiti has e beeit nire thait) 25 itti toI su
and 3 nim deep att this tilit.

I-igiire 21 stisis Iti sfin ivrw tictiig, of tic' Iiit pinioin 1 aiso WA\K143 sl trCoill- tile
second last RA'NN recortini ot n itii pc 14 x 3.~ at 190)9 -; loirs sinice iiess or a Islromitel> 103 toutrs
sir fise motnitis before' filure. FtLO tilIic Iit piesssrc i .i 44(0 pti and 256 iseratges iscrc

taikent. The normal paiteri of \ibratioii aplsars, it thle scsitd tiartioii of' ttie Itoth iinliiiig
frequienct s tli oit sloti\ iitidtilaitiin present tilt there is no risert aind co intdic'ationi of
abniormia I mesh it ii , u ssis Qcnit I Iigu rt 1), Ih, isinti is~ciage is %iitirtals ttiigisib
fronit ttte signal mescra of tile ssuiiid Lear seen In I curec 20 St it :ini be esttitiesdtd frsitn I 1121,11C3
thaI tile crack na iii ea~ iicaiies ,p 1111 su11iisi~t 2i0 ill muir, I' 1 2 1111t deelp at (ile tuic sit
tltis recording. if %os l silthcrelsire seltihil ti crush sJItili heC stteetes Its iitip1lC e siial
inspectioin of tile signal is crags' at 10'3 tsirs IC re shire iand that tile cirluest is arning istiCti
might be espectel sssnlst bse tsctssecii 101 ails

1 
42 sours oeie fliste ( ertin> tfisl s tt'ii

is useful, but if 25; operatig I lirs is takeni as tlie ipucil utters l trleisseeisubratimu resmrditgs
\Ahich are mnade iii sen cc. ithsre tas he 0m1ti llerO it i\1si Is'J1CC 11) Lntcsisdtect the crick
Earlier wNarning oimfi h resenct of ttc crack ss sitsl seciti tights tesirable
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4. ENHANCEMENT OF THE SIGNAL AVERAGE

4.1 Introduction

It is interesting to consider why there should be no ,isible evidence of the crack in the signal
aserage produced from the recording of gearbox WAK 143 at 103 hours before failure when the
crack may ha.e measured 20 mm b, 1-2 mn at this time. The ansswer becomes clear when
the amplitude spectrum of the signal aserage, shown in Figure 22. is examined. Because the
signal a'erage is exactly periodic it the time domain the spectrum is a pure line spectrum, free
of the problems of sseighting functions and side lobes discussed previously. The horizontal
axis of the spectrum is graduated in multiples of the shaft rotation frequency, known as shaft
orders, so that the fundamental of the tooth meshing frequency appears at 22 shaft orders,
although it has only a small amplitude. At 25 shaft orders there is a larger component which
is not related to the tooth meshing but at present is believed to be what is called a ghost com-
ponent caused by transmission errors in the gear originating from errors in the machines used
for gear manufacture. Cihost components are nor conmon but are occasionally repor' d [141.
The largest component in the spectrum is the second harmonic of the tooth meshing frequency
at 44 shaft orders with an amplitude of 6'4 g, approximately seven times the amplitude of the
next largest component. About the second harmonic there exists a cluster of modulation sidebands
which extend from approximatcl 30 shaft orders to 58 shaft orders. Modulation sidebands
are also present about the other meshing harmonics but at a lower level. Note that all the modu-
lation sidebands are ser, small, and that the component at 44 shaft orders has aii amplitude
about 10 times that of the largest sideband, \k hich is smaller even than the ghost component.
It is the loss letel of the modulation sidebands relatise to the major spectral components which
explains \h6% there is no sisible exidence of the crack in the signal average. The modulation is
onl. %cry slight compared to the amplitude of the second harmonic of the tooth meshing fre-
quent,. To enable the crack to be detected it this signal aterage requires enhancement of the
aserage bi some technique of digital signal processing in order to extract the relevant information.
Sexeril techniques hase alread. been descloped [19] and one of these \sill nos be described.

4.2 Elimination

An enhancement technique kntmi as I-M4 [191 eliminates tle major known components
from the spectrum, including the fundamental of the tooth meshing frequency and its harmonics
and possibly some of the modulation sideband, if necessary. For example, in tie case of tie
Wessex input bescl pinion. the meshing harmonics at 22. 44, 66 shaft orders and so on could be
eliminated and possibly the modulation sidebands at 21, 23. 43. 45, 65. 67 shaft orders and so on.
For the elimination process to be successful. tile user requires some experience of si hich Lom-
ponents are normall\ present in the spectruti and which coniponents are nore likcly to represent
an abnormality. and these indings arc likels to be different for each different gearbox and gear
thpe. After elimination of the components from the spectrum, the corresponding time domain
signal is calculated. Sitce the major meshing components tax e been eliminated it might be
Aepected that the reitaining components describe the departures of the sibration from the normal
pattern of si brat ion.

The ellect of elimination can be explorted h\ clinmiatiig the component, at 22, 44. 66,
88 shaft ordcrs and so on from the signal axerage for 1013 hours before failure. I lie resulting
time domain signal is sho\n in Figuic 21 While there are still man.,, apparentlN random fluc-
tuations present it is nos possible to see a large oscillation near tile centre of the trace MsuItch is
belieed to be caused by the crack it the gcar. This is a clear indication that crlancement of
the signal average can improe the abilit , to detect local gear defects.

4.3 Kurtosis

As discussed in an earlier section, one of the maty problems xxith spectral analsis is that
the nan modulation sideband, sltuch may be produced b, a local defect ii a gear are difficult
to assess quantitati\el,, so as to proside some measurable result of the anaklvsis. A similar problem
can exist wsith the assessment of lie enhanced signal aerage, but fortunately the solution is



much simpler because it can be assumed that a defect. if present, wsill usually be restricted to a
small part of the gear. Hence in the signal average the abnormal vibration ".ill be restricted
to a small part on the revolution. Any technique for assessing the signal average should therefore
seek to quantify the damage by detecting any isolated peaks which may appear in the enhanced
signal average. Several parameters have been proposed for this purpose [191 including the crest
factor, which is the ratio of the peak-to-peak value of a signal to its root mean square salue.
The crest factor is typically 2.8 for a sine ,,ave and an, increase in the peak.ness of a signal will
increase the crest factor above this value. One shortcoming of the crest factor as a means of
assessing the enhanced signal average is its incorporation of the peak-to-peak value, as the presence
of a single very narrow peak will produce the same peak-to-peak value as a' broader peak of the
same size. The root-mean-square value for the signal wsith the broader peak wsill be larger than
that for the narrow peak and hence the crest factor sill be less for the broader peak than for the
narrow peak.

This can be overcome to some extent by the use of an alternative parameter which is the
normalized fourth statistical moment, commonly known as the kurtosis J201. For a population
X the kurtosis K is given by the follow ing equation:

K (2t, M)ij[NSI Il
where

N - number of samples

M! mean value

S standard deviation

A normal or Gaussian distribution has a kurtosis of 3 0 while for a sine %au'e the kurtosis is I 5.
The presence of any large isolated peaks in the signal produces larger tails in the distribution
of the samples and consequentl. increases the kurtosis. This principle has alread. been used
successfully for the analysis of the v ibration produced b, rolling element hearings w ith spalling
damage [211 and has also been applied to the assessment of enhanced signal a.eragcs of gear
vibration [191. Because the numerator of Equation I is deried from all of the values is the
population, unlike the peak-to-peak ,alue in the crest factor, it does respond to multiple peaks.
Very broad peaks will increase the salue of the denominator and bring about a reduction in the
kurtosis, but it does appear to be less sensitike to this problem than does the crest factor.

4.4 Application

For the original signal avcrage shown in Figure 21 the kurtosis is calculated to be 1 7.
falling in between the values of 1 5 for a sinusoid and 3 0 for a random signal. After enhance-
ment of the signal by removal of the meshing-related components as shown in Figure 23, the
kurtosis is 4-6. Hence the simple process of eliminating the meshing-related harmonics increase,
the kurtosis noticeably. Recordings of the vibration of otier Wessex gearboxes ha.c been
analyzed in this manner. Most of the kurtosis values fall sithin the range 2 5 and 3 5. W hile
the kurtosis for WAK 143 at 103 hours before failure is outside the range prevented for the other
gears, the change in kurtosis represents only a small departure, suggesting that the enhancement
procedure is not sufficiently powerful to make a clear distinction. A better enhancement procedure
would be desirable.

4.5 Ghost Component

It swill be recalled that Figure 22 showed a large spec ral component at 25 shaft orders ss hich
is believed to be a ghost component resulting front errors in the manufacturing process. The
elimination of the meshing related components does not of course remove this ghost and yet its
amplitude is greater than the biggest of the modulation sidebands. If the ghost component
is eliminated as well as the meshing components then the information contained in the moda-
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lation sidebands may be more apparent. The resulting enhanced signal average at 103 hours
before failure is shown in Figure 24. There is a noticeable improvement in the clarity of the
signal and an increase in the kurtosis from 4.6 to 6.6. This suggests that it may be important
to eliminate not only the meshing related components but also other large components which
may not be related to the modulation sidebands.

4.6 Conclusions

It has been shown that the application of some simple digital signal processing techniques
to the signal average can enhance the information produced by the local damage and can reveal
the presence of the crack which could not otherwise be detected. It has also been shown that the
enhanced signal average can be assessed using the kurtosis of the signal, as disturbances in the

enhanced signal average such as those caused by the crack can cause an increase in the kurtosis.
It was observed that the application of the same procedure to the signal averages of normal gears
revealed considerable scatter in the kurtosis. The difference in the kurtosis between the cracked
gear and the normal gears was not sufficient for a confident diagnosis of early cracks. So far
the arguments proposed to explain the principle of the enhancement procedure are only quali-
tative and no theoretical basis for it has been proposed. There has been no explanation of what
exactly the enhanced signal average represents and at present it cannot be interpreted in terms
of the modulation which is caused by the crack in the gear.

5. NEW TECHNIQUE FOR ENHANCEMENT

5.1 Introduction

In the previous section it was shown that an existing enhancement technique can reveal the
existence of the crack in the input bevel pinion of gearbox WAK 143 when it was not visible in
the original signal average. Unfortunately this technique, developed empirically, has no firm
theoretical basis. In this section an alternative ness enhancement technique [221 will be developed
which permits the interpretation of the enhanced signal in terms of the modulation produced
by the crack in the gear.

5.2 Development

(onsider two gears %khich mesh under a constant load at constant speed, and assume initially
that all the teeth on the gears are identical and are equally spaced. The meshing vibration x(t)
of one of the gears may he represented b, the fundamental and harmonics of the tooth meshing
frequency I,

Al

It ,,, c o s ( 2 ,r " ? 11 1 t1 ! , ( 2 )

0

N-, .a unc tt the gear has i local defect Mhich a ill produce short term changes in the
aminl'-I nd hlt

'  
l Itie meshii g i rbraitton as the defect goes through the mesh. These changes

are des r d h, Ih ,impitude and phase modulation functions i.,(tl and bn t) respectively,
anld is these functionS ire periodi: %ith the gear rotation frequency .1,. they can be represented
hs tinite IOuricr series

iA ) t 4,,, cos) rnf, t + x.,) (3)
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bin~t) == --N~j" Brn,, cos(2rvnj' ) 4

n =0

The modulated gear meshing vibration .(t) is given by:

M
yMt "x X,,, (I + a ,t)) cos(2rrmf, tr 4,re + bi(t)) (5)

Ps - 0

In the frequency domain, the Fourier transform of the above function will comprise the
fundamental and harmonics of the meshing frequency surrounded by modulation sidebands.
and unless the number of teeth T> 2N there w ill be interference between the high-order side-
bands of adjacent meshing harmonics. The extent of this interference will depend on the form of
the modulation, which determines the strength of the high-order sidebands, and also on the rela-
tive amplitudes of the meshing harmonics. A strong meshing harmonic of amplitude Xm will
produce corresponding strong sidebands.

If the signal average is band pass filtered about one of the meshing harmonics m with a
bandwidth W, then provided the amplitude of that harmonic is much greater than its neighbours,
the interference from the sidebands of the neighbouring harmonics will be small. If the filter
bandwidth is chosen so that W<2(T N)f, then the sidebands from neighbouring meshing
harmonics will be completely excluded from the pass band. However if the bandwidth W<2Nf,
then some of the high order sidebands of the selected harmonic will be excluded from the pass
band. On the other hand, selecting K' - 2Nf, w ill pass all of the desired sidebands, and some of
the interfering sidebands as well. How*ever, if it is assumed that the amplitude of the selected
meshing harmonic is much greater than the amplitude of the neighbouring harmonics, then the
interference will be small, and the filtered signal can be approximated by:

:,n(t ) A,', (I +a .(t) COS (27,nf\ t -b. +b. (t)) t6)

This function describes the vibration which is produced at the contact area of the gear
teeth. Unfortunately, direct measurement of this vibration is rarely practicable, and it is usual
to measure the gear vibration with a transducer mounted on the exterior of the gearbox case.
The vibration from the contact area must therefore pass through the gears, shafts, bearings and
case before reaching the transducer. Consequently the broad band vibration may be modified
considerably by the transfer function between the gear teeth and the ttansducer, and there is
no simple technique for removing these effects. It will be assumed here that the changes in the
transfer function across the bandwidth W of the band pass filter are small and can be neglected.
It is shown in the Appendix that provided Ib (t) I'T and am (t). bm(t) I < I. then zre(t)
can be approximated by;

:, (t) "" X, [cos (2x'mf itf t )

+an, (t) COS (2'of/ t+q) bm (t)sin(2rnfst+4am)] (7)

The filtered residual rn, (I) is obtained by subtracting the meshing component at frequency

mf from the band pass filtered vibration:

r () - Zm (1) X, cos (2rmif, t + q'm)

- X, [a. (t) cos (2v,nfx t + 4,,) -b.n (t) sin (2nmfx t + ,r)]

X.,- am
2 (t) +bm

2 
(t)

cos (2 mf, t +4h, - tan I (bin (t)/a., (t) ()
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Note that the filtered residual still contains vibration at the frequency mf, which was passed
by the band pass filter, even though the meshing harmonic itself has been eliminated. To remove
this vibration, the envelope en, (t) of the filtered residual can be calculated:

e,. (t) _, Xm N am
2 

(t) + b.
2 

(t) (9)

Hence by band pass filtering the signal average, eliminating the dominant meshing harmonic
and enveloping, a function is obtained which is directly related to both the amplitude and phase
modulation.

5.3 Application

Figure 22 shows the spectrum of the signal average for gearbox WAK143 at 103 hours
before failure. The largest component occurs at 44 shaft orders, the second harmonic of the
tooth meshing frequency, and about this component there occurs a large cluster of modulation
sidebands which decrease in amplitude with increasing separation from the central peak. On
the low frequency side of the second harmonic the sidebands reach a minimum at about 30 shaft
orders, presumably where the sidebands from the fundamental meshing component and the
second harmonic meet. There is a corresponding point on the high frequency side of the second
harmonic at about 58 shaft orders. Both of these minima are 14 shaft orders above and below
the second harmonic at 44 shaft orders, In terms of Equations 3 and 4, 1 = 2 and N 14.
The signal average can be band pass filtered by setting the amplitudes of all the spectral lines
which lie outside the range 30 to 58 shaft orders inclusive to zero and calculating the corre-
sponding time domain signal from the modified spectrum, giving the result shown in Figure 25.
The filtered signal average has a much cleaner appearance than the original signal average in
Figure 21 because the high and low frequencies outside the pass band have been removed. There
is some slow modulation of the signal but no transients. The kurtosis of the filtered signal is
1 6, which is close to the value of I -5 expected for a sine wave because the filtered signal is
dominated by the meshing harmonic at 44 shaft orders.

The second step in the enhancement process is to eliminate the meshing harmonic by setting
the amplitude of the component in the spectrum at 44 shaft orders to zero and calculating the
corresponding time domain signal from the modified spectrum to give the result shown in
Figure 26. There can now be seen a large oscillation near the centre of the trace which is similar
to that seen in Figures 23 and 24. The kurtosis of this signal is 7.0 with the increase being caused
by the oscillation. Note that the frequency of the oscillation is 44 shaft orders, even though the
component at 44 shaft orders was eliminated from the spectrum. This is an example of modu-
lation with complete suppression of the carrier. The oscillation does not provide any additional
information and it is only the envelope of the signal that is of interest. The envelope can be
calculated using the Hilbert transform of the signal [231 as follows. Firstly calculate the forward
Fourier transform of the signal and then set the amplitude of all the spectral components at
negative frequencies to zero and double the amplitudes of the spectral components at frequencies
above zero while leaving the component at zero frequency unchanged. In this way a complex
spectrum has been created from the original real spectrum. Then calculate the inverse Fourier
transform of the complex spectrum, giving a result which is a complex time domain signal called
the analytic signal [23] which can be viewed as a rotating vector as shown in Figure 27. The real
signal which is observed in practice can be considered as the projection of the analytic signal
onto the plane formed by the real and time axes. The imaginary part is the projection onto the
plane formed by the imaginary and time axes. The envelope of the real signal is given by the

amplitude of the rotating vector which can :'eadily be obtained from the real and imaginary
signals using Pythagoras' theorem. All of the above procedures can be readily implemented on
a small digital computer using the fast Fourier transform.

The envelope calculated from Figure 26 is shown in Figure 28. The original oscillation
seen in Figure 26 has been replaced by a large peak near the centre of the trace providing clear
evidence of the existence of the crack in the gear at this time. The kurtosis of the enveloped
signal is 9.2, a very large increase over the kurtosis which was obtained previously. Note also
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the presence of the other lo level peaks which occur elsew here in the enhanced signal. There
are several possible sources for these peaks, the first being that they are caused by genuine ampli-
tude and phase modulation produced by transmission errors in the gear, and as these errors are
essentially random the background peaks have a random appearance. The second possibility
is that they are systematic errors caused by the approximations in the analysis, including the
truncation of the high-order sidebands which fall outside the pass band of 30 to 58 shaft orders
and also the admission of high-order sidebands of other harmonics of the meshing frequency.
They also may be caused by the additional non-linear terms present because the modulation
may not be small and consequently the approximations in Equation 7 may not be strictly valid.

Band pass filtering of the signal average can restrict the resolution of features in the enhanced
signal due to the limited number of frequency components which are passed. In this instance
the filter has a half-width of 14 shaft orders, while the input besel pinion has 22 teeth and a con-
tact ratio which is greater than I 5. Any reduction in the stiffness of one tooth due to a crack
will affect the meshing of the adjacent teeth as some of the load which cannot be borne by the

cracked tooth is transferred. Fhe affected region may extend to the width of the contact region
and thus exceed I -5 x I 22 or approximately I 14 resolutions wide. Therefore it would seem
reasonable that a filter half-widlh of 14 shaft orders should be more than adequate to resolve
the affected region.

Note that the amplitude of the peak in the enhanced signal average may not be important.
The amplitude is directly proportional to the amplitude of the meshing harmonic X as shown
in Equation 9, but so will be the amplitude of other peaks in the enhanced signal. More important
than the absolute amplitude is the detection of any isolated peaks which appear above the re-
mainder of the enhanced signal and it would appear that the kurtosis may be able to do this.

5.4 Other Gearboxes

Although the spectrum of gearbox WAK143 was dominated by the second harmonic of
the tooth meshing frequency this is not so for all other gearboxes. Most have a dominant ft nda-

mental tooth meshing frequency in which case separation can he performed b\ band pass filtering
in the range 8 to 36 shaft orders and eliminating the component at 22 shaft orders, thus main-
taining the half-width of the filter the same at 14 shaft orders. If any other harmonic of the mesh-
ing frequency was dominant the appropriate procedure could be applied. Recordings of the vibra-
tion of other Wessex gearboxes have been analyzed in this manner, and most kurtosis values

fall within the range 19 to 3.3, with the majority of the values lying between 2-0 and 30.
In isolated instances values as high as 4.5 have been obtained repeatedly from normal gears
but these are considered to be exceptional. The majority of the values for normal gears are far
removed from the value of 9.2 achieved earlier for the cracked gear. The effectiveness of the
new technique of enhancement compared with the traditional enhancement technique can be
seen in the greater change in the kurtosis achieved for the same signal average.

6. DEMODULATION OF THE SIGNAL AVERAGE

6.1 Introduction

In the previous section a new enhancement technique for signal averages was described in
which the result obtained incorporated both amplitude and phase modulation terms. Several

approximations made in the analysis limited the direct applicability of the theory to small values
of modulation. In this section the analysis will be extended to show that the signal average of the
gear vibration can be completely demodulated enabling the separation of the amplitude and phase
modulation terms [241. This new technique is not restricted to small modulation, and demon-

strates the great importance of phase modulation.
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6.2 Development

As described in Section 5.2, the signal average of the vibration generated by a gear after
band pass filtering about one of the major meshing harmonics is given by:

Zm (t) - Xm (I +a. (t)) cos (2n mTf 1 +0. +bm (t)) (10)

The equation for z. (), which was expressed as a cosine function, can be viewed as the real part
of a complex function Cm (t) known as the analytic signal and defined by:

Cm (t) = zr (t)-JH (Zm ()) (I)

where H (z. (t)) is the Hilbert transform of zm (1) [23]. In Figure 27, the analytic function
is shown as a rotating vector with the real part Zm (t) being the projection of the vector on the
real plane defined by the time axis and the real axis. As time progresses, the vector rotates
about the time axis with an average rotation frequency of mTf,. By substituting Equation 10
into Equation II, it can be shown that:

Cm (t) -- X. (I +a. ()) ej(
2

-n Tf,, 
m 

b_
(

.) 1 (12)

It is clear from the above that the length of the vector is subject to variations X. am (t)
due to the amplitude modulation, while the uniform rotation of the vector is disturbed by phase
variations bm (t) due to the phase modulation. Estimates of the modulation functions am (t)
and brn (r), subject to the assumptions and approximations in deriving Equation 10, can be
readily obtained by:

a., (t)C, ( r ' I (13)

b, (t) arg (cm (t)) (2TrmTftJ+$m,) (14)

6.3 Application

The new demodulation technique is demonstrated by applying it to the signal average obtained
from the recording made at 103 hours before failure which was shown in Figure 21. The filter
pass band is set to cover the range 30 to 58 shaft orders inclusive, as for the enhancement tech-
nique already described. Firstly the amplitudes of all spectral components outside the range
30 to 58 shaft orders are set to zero. Secondly, the amplitudes of all spectral components at
negative frequencies are set to zero and the spectrum is translated to locate the component which
was at 44 shaft orders to 0 shaft orders. The original real spectrum has now been converted to a
complex spectrum because it is no longer symmetrical about zero frequency. The complex spectrum
is then converted to the time domain by the inverse Fourier transform to give a complex signal
which describes the analytic vector, except that translation has removed the uniform rotation
of the vector and so the vector remains approximately stationary. Amplitude modulation of the
meshing vibration causes the length of the vector to Nary while phase modulation causes the
vector to rock back and forth. The amplitude and phase of the vector can be calculated from the
real and imaginary components.

Figure 29 shows the amplitude of the vector calculated from the signal average at 103 hours
before failure. It shows that small random variations occur in the amplitude but there is no
marked change at the location of the defect. This is to be expected since no strong amplitude
modulation was seen in the original signal average. The phase of the vectot is shown in Figure 30.
Small random variations are also seen but there is also a marked phase lag of approximately
60 degrees at the location of the defect. This is an extremely interesting result as it suggests that
the very early indications of a crack may be first given by the phase modulation. The crack re-
duces the stiffness of the affected teeth causing deflection of the teeth under load, delaying the
generation of the vibration by those teeth and so producing a phase lag. A lag of approximately
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60 degrees at 44 shaft orders corresponds to a delay of approximately I -5 degrees at the shaft
rotation frequency. The phase modulation cannot be readily discerned in the original signal
average without prior knowledge. Assessment of the original signal average is usually based on

the detection of amplitude modulation by such parameters as the crest factor and the kurtosis
which are ill suited to the detection of phase modulation. Only enhancement by the old [19]
or new [22] methods makes possible the detection of the phase modulation.

Demodulation can also be applied to the signal average obtiined for the recording made at
42 hours before failure which was shown in Figure 19. Using the same analysis technique, the
amplitude of the vector is shown in Figure 31, and it can be seen that the amplitude falls to
nearly zero at two locations. The phase of the vector is shown in Figure 32, indicating that there
is a complete reversal of phase at one location representing a loss of 360 degrees. In this instance
the separate amplitude and phase diagrams are difficult to interpret, but they can be combined
into a single polar diagram with the tail of the vector fixed at the origin. As time passes the head
of the vector traces out a locus which is shown in Figure 33 for the recording at 103 hours before
failure and in Figure 34 for the recording at 42 hours before failure. Both traces have been oriented
so that the average phase is set to zero thus lying along the real axis. A decrease in phase causes
the vector to rotate clockwise about the origin. For a gear in undamaged condition it would be
expected that the locus would be confined to a compact bundle about the real axis because the
amplitude and phase modulation would be small. For the early crack in Figure 33 the locus
departs clockwise from the bundle and rotates approximately 60 degrees indicating a phase lag
with little variation of amplitude, while for the advanced crack in Figure 34 the locus again departs
clockwise but does not return as soon as for the early crack. Instead, the locus completely en-
circles the origin in a clockwise direction, with the amplitude falling close to zero as the phase
reversal occurs and then increasing. This produces the first dip in the amplitude signal shown
in Figure 31. The phase reversal in Figure 32 occurs when the locus crosses the negative real
axis. After the first loop about the origin, the locus nearly completes a second loop with the
amplitude again falling nearly to zero before returning to the bundle. The complete loop indicates
the complete loss of 360 degrees of meshing vibration, which can be interpreted as the loss of
one cycle of the second harmonic of the meshing frequency. The completion of the second loop
about the origin, had it occurred, could have been interpreted as two cycles of the second harmonic
missing, and could have implied that one tooth on the gear was carrying no load at all.

7. EXCITATION OF RESONANCES BY GEAR TOOTH IMPACTS

7.1 Introduction

All of the techniques considered so far have concentrated on the analysis of the vibration
at the tooth meshing frequency and its harmonics, searching for modulation of the meshing vibra-
tion. In addition to the modulation of the tooth meshing, it is known that local defects in gears
such as surface pits and fatigue cracks can also produce impulses or impacts with energy over a
wide frequency range [14, 25, 26]. This section reviews the characteristics of such impacts
and then examines the use of the signal average for the isolation of the low frequency vibration
generated by gear tooth impacts and its application to gearbox diagnostics.

7.2 Development

A simple model has been proposed [14] in %khich the vibration produced by gear defects
is expressed in terms of the amplitude and frequency modulation of the normal gear meshing
vibration plus additive impacts, and it has been suggested that most local defects will generate
both of these effects. In the frequency domain, the components produced by the impacts may be
observed at low frequencies and/or across the spectrum. Spalling damage of gear teeth has also
been detected from the impacts produced (251. The signal average of the gear vibration is the
superposition of the tooth meshing vibration and the resonances excited by the impacts, and
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as some resonances may occur at comparable frequencies to the meshing frequency and harmonics.
adaptive signal processing techniques may be necessary to detect the resonances. Very high
frequencies, in excess of 25 kHz, have been detected from gears with fatigue cracks [261. By
band pass filtering and demodulating this vibration, a pulse train is produced with a frequency
corresponding to the frequency with which the impacts occur. From thesc examples it is clear
that the frequencies excited by gear tooth impacts can extend from low to %,ery high, probably
because the resonances excited by the impacts come from many different sources, it.cluding
the gears, shaft and bearings, the machine case, the vibration transducer and the signal condition-
ing equipment such as amplifier and filter.

The very high frequencies used for impact detection [26] are well above the normal gear
tooth meshing frequencies and so can be isolated very simply by a band pass filter. However
if the original vibration signal is to be recorded for off-line analysis, the very high frequencies
present will require a recorder with a large bandwidth. At the lowv frequencies sometimes used [25]
recorder bandwidth is unlikely to be a problem, but separation of the resonances from the gear
meshing vibration is more difficult. Nevertheless, the signal averaging approach has proved
to be very successful in the identification of gear defects. One factor in its favour is that the signal
average is exactly periodic in the time domain, permitting simple conversions between the time
and frequency domains without the need for weighting functions, thereby making possible the
filtering of the signal in the frequency domain. While the adaptive technique is successful, a
simpler alternative would be attractive. Given that impacts may be observed at low frequencies
[141, it should be possible to examine the signal average of the vibration of a gear for signs of a
resonance below the tooth meshing frequency, and in favourable circumstances, it may be
possible to isolate the resonance from the gear meshing and modulation sidebands by low pass
filtering the signal average in the frequency domain.

At this stage it is worth considering why impacts should occur. It has already been shown
that an early fatigue crack in a gear tooth will allowv deflection of the tooth under load, resulting
in a phase lag in the meshing vibration of that tooth. While no formal model for the production
of impacts has been proposed, it is presumed that an early fatigue crack only affects the stiffness
of a small sector of the gear, and that provided the sector is sufficiently small, there will always be
another sound tooth in contact to carry the load. For this to be true the affected region must
be less than the contact ratio minus one. As the crack growvs, the size of the affected region will
increase until it is greater than the contact ratio minus one, so that for a period of the tooth
engagement only the unsound tooth will be in contact, The exact behaviour then is uncertain,
but it may be that the greater deflection of the affected region will be sufficient to cause relative
misalignment of the following teeth on the two gears so that an impact is produced when these
teeth meet and resume their correct relative positions. Alternattisely. it may be that as the pre-
ceding sound tooth ceases contact the affected tooth will he unable to maintain the same load
because of its reduced stiffness. The sudden reduction in the tooth contact force will be trans-
mitted as an impact through the gear to the bearings and then through the casing.

The detection of low frequency gear impacts independent of the tooth meshing vibration
could be a useful contribution to machinery diagnostics by providing an indicator of the severity
of the damage to a gear [27]. If impact generation is determined by the size of the affected region
relative to the contact ratio, then the presence of impacts implies that a crack is no longer small
but has grown to the stage where the load can no longer be horne by the adjacent tooth. The
larger forces associated with the impacts can be expected to accelerate the deterioration of the
gear.

7.3 Application

Figures 35 and 36 show the low frequency part of the v ibration spectra produced from the
signal averages at 103 and 42 hours before failure respectively. At 101 hours there are only low
amplitudes at multiples of the shaft speed, wvhile at 42 hours before failure the spectrum has
changed considerably with the appearance of components of significant amplitude. Note in
particular the growth of the low frequency components in the range below I8 shaft orders.
These are unlikely to be modulation sidebands from the fundamental meshing component at
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22 shaft orders because the amplitude of this component is too small, and they are very unlikely
to be lower sidebands of the second harmonic at 44 shaft orders because they are so far removed.
Presumably these components are a low frequency resonance excited by the impacts.

To isolate the presumed resonance from the tooth mesling components, sidebands and
ghost component, both signal aserages %,erc filtered to pass cmponents in the range 0 to 18
shaft orders inclusive, giing the signals shoswn in Figures 37 and 38. Filtering %&as performed
in the frequenc domain by setting the amplitudes of the spectral lines outside the pass band to
zero. The phase spectrum %%as not modified. On transforming back to the time domain, the
filtered signal was produced. Figure 37 shosws only small random departures from the origin,
but Figure 38 shows a strong transient decaing oscillation consistent with a decaying resonance
with its leading edge located approximately at the location of the crack. Measurement of the
frequency of oscillation shows it to be close to 15 cycles per revolution, corresponding to the
largest spectral peak in the pass band.

While the transient oscillation is clear to the observer. it ssould be valuable to have a para-
meter vwhich could be used to assess the condition of the filtered signal to assist with computer-
aided machiner, monitoring. In earlier sections. the kurtosis has been used to assess enhanced
vibration data vsith success. For Figure 37 the kurtosis of the filtered signal is found to be 3.5,
while for Figure 38 the kurtosis is 6.9.

7.4 Discussion

The oscillation at approximately 15 cycles per revolution seen in the filtered signal average
in Figure 38 for the large crack vas not sisible in the signal average of Figure 19. This is probably
because several resonances are present in the signal, but are difficult to recognize in the spectrum
of Figure 36 against the strong meshing components and modulation sidebands. The summation
of all the resonances present sould give a very different saveform from that in Figure 38, with
a better defined leading edge. If the transfer function or frequency response of the s,stem be-
tieen the gear tooth contact and the vibration transducer %sas uniform and complete elimination
of the meshing components aiid their modulation sidebands wvas possible, then the shape of the
observed impact would approach that of an ideal impulse. It is the resonances in the trans-
mission path, apparent as local peaks in the transfer function, which produce the oscillation
wshen excited by an impulse, demonstrating the importance of the transfer function on the
successful detection of low frequency impacts. It has been shovn [7] that the location of the
transducer can affect the measured tooth meshing component and modulation sidebands, and
similarly poor transmission of the vibration at frequencies below, the fundamental tooth meshing
frequency could impair the detection of impacts.

Machine mounting conditions may also affect the loss frequency transmission character-
istics. The data presented here Nsvere obtained from a gearbox mounted in an aircraft. The spectra
of signal averages obtained for another cracked gear of the same type in a gearbox mounted
in a test bed instead of an aircraft [28] showsed that most of the components at frequencies belows
the third harmonic of the meshing frequency %%cre suppressed, probably due to the stiffer mounting
of the gearbox. Low pass filtering of these signal averages in the range 0 to 18 shaft orders
did not produce a transient oscillation, hence it vould appear that a strong los frequencs
resonance is necessary for the proposed technique to work.

Another major factor to consider is the strength of the tooth meshing vibration. In the
example presented here the fundamental meshing component at 22 shaft orders is very small,
and consequently the modulation sidebands about it are small. This permits the low pass filtering
up to 18 shaft orders, close to the fundamental meshing component, yet still giving good separa-
tion of the resonance. The meshing component itself can be readily eliminated from the spectrum,
but had the meshing component been larger, then ary sidebands present about it would have
intruded into the range belowv 18 shaft orders and prevented proper isolation of the resonance.
In practice, it is likely this intrusion vill occur. Fortanately many resonances may be excited
at higher frequencies, even above the higher harmonics of the meshing frequency. Previously
spectrum analysis has been used to examine tile pulse produced by isolating and demodulating
these high frequenc resonances [26], but signal averaging of the modulated resonances could
also be used. It is hoped that this aspect can be investigated in a future swork.
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7.5 Conclusions

The vibration produced by gears with local defects such as advanced fatigue cracks may in-
clude resonances at low frequencies which are excited by impacts between the gear teeth. In
favourable circumstances it is possible to isolate one or more of these resonances from the tooth
meshing vibration and modulation sidebands by low pass filtering the vibration signal so that the
filtered signal displays a damped oscillation which commences at the location of the fatigue
crack. The successful application of the technique depends on the form of the transfer function
between the gear teeth and the transducer, and on the strength of the fundamental tooth meshing
component. The existence of a strong resonance at a low frequency will assist in the detection
of impacts, while the absence of a strong component at the fundamental tooth meshing frequency
will enable better isolation of the resonance from the meshing component and its sidebands.
While both of the above conditions exist in the recordings of gearbox WAK143, there will be
many instances in practice where conditions are less favourable.

8. CONCLUSIONS

Following the crash of an RAN Wessex helicopter caused b\ the catastrophic fatigue failure
of the input spiral bevel pinion in the main rotor gearbox, ARL hase analyzed the routine re-
cordings of the gearbox vibration which were made by the RAN before the failure. It has been
shown that conventional spectral analysis of the gearbox vibration is unable to give an adequate
indication of the presence of the fatigue crack due to the production of loss level modulation
sidebands over a sside frequency range. These sidebands may not be detected because they
can be lost in the background vibration of a complex gearbox. Thus in spite of the successful
application of spectral analysis to many simple aircraft accessories, it may be inadequate for
the detection of cracks in complex gearboxes.

It has also been shown that an alternative technique of vibration analysis called signal
averaging can give clear evidence of an abnormality in the gearbox as early as 42 hours before
failure. Enhancement of the signal average by digital signal processing using a computer reveals
evidence of an abnormality as early as 103 hours before failure. It has been demonstrated that
the condition of the gear can be assessed on a GO:NOGO basis using the kurtosis of the enhanced
signal average.

The enhancement technique has been developed further to show that it is the phase modula-
tion of the gear meshing vibration which gives the first indication of the presence of the crack,
apparently because the crack reduces the local stiffness of the gear allowing the teeth to deflect
under load causing a phase lag in the vibration produced. For an early fatigue crack the amplitude
modulation is small, demonstrating the inherent unsuitability of many present techniques
designed to assess the condition of the gear from the original signal average because these tech-
niques are based on the detection of amplitude modulation.

It has been shown that for an advanced fatigue crack a transient vib,.ation may occur with
each gear revolution caused by impulsive loading of the gear as the cracked part deflects. The
impacts between gear teeth are independent of the tooth meshing vibration thus making it
possible to detect an early fatigue crack by the phase lag in the meshing vibration and an advanced
fatigue crack by the impacts which may be produced.

The techniques described are suitable for routine application to helicopter gearboxes, not
only to the input spiral bevel pinion in the Wessex gearbox but in principle to other gears in the
Wessex and also in other aircraft. The use of these techniques should help to prevent another
failure of this type and contribute to improvements in the safety of aircraft operation.
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APPENDIX

When a carrier X. cos (2r nf, I -6,,,) is amplitude modulated by a function a, (t), the
resulting signal Zm (t) is given by [291:

z (t) -( I - a. (t)) A, cos (2mmil t +,.)

When the carrier is phase modulated by b. (t), the resulting signal is given by [291:

Zn (it) X,,, cos (2 mnif., I+ t+$, +1 h ))

A m'ni [cos (2mm!. I + 4h) cos (b,n(t)) sin (2mmf t +bm) sin (bm (t))]

If bi,(t) <-, small angle approximations can be applied [291 giving:

m (1) A' [cos (2mmfi -+,hm) bm(t i) sin (2nm1tf + 6,01

When simultaneous amplitude and phase modulation occur, the resulting signal is gisen by:

z:, (t) A- Xm (I a (t)) [cos (2 mnil ,tm) bm( ) sin (2,/ilt +6 4,)

If am(t) . bn(t) < 1, this reduces to

z( I) A, [cos (2mnilt +,,)

+an,(t) cos (2mmfxt + 6l ) b,,(t) sin (2mmflt +,
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FIG. 1 PIECE OF THE FAILED WESSEX INPUT SPIRAL BEVEL PINION
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BAND PASS FILTERED 30 TO 58 SHAFT ORDERS
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FIG. 26 SIGNAL AVERAGE OF INPUT PINION OF GEARBOX WAK143
103 HOURS BEFORE FAILURE
BAND PASS FILTERED 30 TO 58 SHAFT ORDERS
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FIG. 27 COMPLEX ROTATING VECTOR AND ITS PROJECTIONS
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FIG. 28 SIGNAL AVERAGE OF INPUT PINION OF GEARBOX WAK143
103 HOURS BEFORE FAILURE
BAND PASS FILTERED 30 TO 58 SHAFT ORDERS
MESHING HARMONIC AT 44 SHAFT ORDERS ELIMINATED
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FIG. 29 AMPLITUDE OF COMPLEX VECTOR
103 HOURS BEFORE FAILURE
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FIG. 30 PHASE OF COMPLEX VECTOR
103 HOURS BEFORE FAILURE
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FIG. 31 AMPLITUDE OF COMPLEX VECTOR
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FIG. 32 PHASE OF COMPLEX VECTOR
42 HOURS BEFORE FAILURE
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FIG. 33 POLAR PLOT OF COMPLEX VECTOR
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FIG. 34 POLAR PLOT OF COMPLEX VECTOR
42 HOURS BEFORE FAILURE
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FIG. 35 LOW FREQUENCY SPECTRUM OF SIGNAL AVERAGE OF INPUT PINION
OF GEARBOX WAK143
103 HOURS BEFORE FAILURE
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FIG. 36 LOW FREQUENCY SPECTRUM OF SIGNAL AVERAGE OF INPUT PINION
OF GEARBOX WAK143
42 HOURS BEFORE FAILURE
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FIG. 37 SIGNAL AVERAGE OF INPUT PINION OF GEARBOX WAK143
103 HOURS BEFORE FAILURE
LOW PASS FILTERED 0 TO 18 SHAFT ORDERS
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LOW PASS FILTERED 0 TO 18 SHAFT ORDERS
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